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Naturally occurring erythroblastosis retails has been observed in man and 
in certain strains of horses (1, 2) and donkeys (3), while some features of the 
disease  have  also  been  produced  experimentally in  dogs  (4)  and  pigs  (5). 
There are, however, a number of important differences between the disease as 
it occurs in man and that found naturally or induced experimentally in ani- 
mals.  In the first place, only the hemolytic aspects of the disease have been 
reported in animals; hydrops fetalis, intrauterine death, kemicterns, and other 
serious manifestations of the disease have thus far been observed only in man. 
Furthermore,  in  erythroblastosis fetalis  in  human  beings  the  antibodies  re- 
sponsible for the disease cross the placenta from mother to fetus and affect 
the fetus in utero;  whereas in  the horse, donkey, dog, and pig the offending 
antibodies are not acquired from the mother during intrauterine life but during 
the first few hours after birth from the colostmm or milk (1-5). In addition, 
in the experimentally induced disease of dogs and pigs immunization does not 
take place incidentally to pregnancy, as it does in human beings, but occurs 
only following the injection into the female of erythrocytes containing specific 
blood group factors  absent  from her  red  cells.  The  studies herein reported 
demonstrate that female rabbits may become immunized to one or the other 
of the G-g blood group factors during pregnancy as well as by the injection of 
red cells,  and further, that the specific maternal isoantibodies to these factors 
cross the placenta from mother to fetus and affect the fetus in utero. 
Materials and Methods 
Adult rabbits of mixed breed, weighing 2.5 to 4.0 kg., were used in these studies. The 
methods employed  for the identification  of the G-g factors in rabbit red cells, for the produc- 
tion and titration of anti-G and anti-g sera, and for the preparation and use of guinea pig 
anti-rabbit  globulin serum (Coombs serum) have been described in detail in the accom- 
panying paper (6). 
* This investigation was supported by research grants from the Public Health Service,  the 
American Red Cross, and the New York Heart Association. 
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The Immunization of Rabbits  to the C-g Factors as a Result of Pregnancy 
Previously  reported  studies  have  demonstrated  that  the  rabbit  red  cell 
factors G and g are antigenic and that injection of red cells containing one or 
the other of these factors into suitable rabbits could elicit the production of 
specific isoantibodies  (6).  It appeared of interest  to determine whether such 
isoimmunization could also occur naturally as a result of pregnancy, as it does 
in connection with the Rh factor in human beings, independently of any stimu- 
lation by injected red cells. 
Five female rabbits homozygous  for the G factor (GG) were mated to males bearing the g 
factor in their red cells (gg or Gg), and similarly, five  females of blood type gg were mated to 
males of blood type GG or Gg. Both virgin does and does that had borne one or more litters 
previously were used. To rule out the presence of preexisting antibodies to the G-g/actors, or 
to other rabbit blood group antigens, serum obtained from each female prior to mating was 
tested with known GG and gg red cells and also with red cells from the male rabbit to which 
she was to be mated. Only those females were used the serum of which contained no demon- 
strable agglutinating or coating antibodies by these tests. Tests for antibodies were repeated 
at weekly intervals during pregnancy and for a period of 4 to 6 weeks following delivery. 
Newborn rabbits were bled on the day of birth; their red cells were typed and a direct Coombs 
test was performed to determine the presence of coating antibody. 
The development of specific antibodies was observed in five of the ten preg- 
nancies studied; in three cases the antibody produced was anti-G and in two, 
anti-g. Antibodies were detected first during the 4th week of gestation in one 
case and in the remainder they did not appear until  the postpartum period. 
Representative examples are illustrated in Table L  The antibodies, which in 
almost every instance were of the coating variety, were quite weak and with 
few exceptions were detected  only in the undiluted  serum; the highest  titer 
observed was  2.  In one pregnancy,  the  red  cells of the litter at birth were 
coated with antibody as shown by a  positive direct Coombs test despite the 
fact that no antibodies were detected in the mother's serum during gestation; 
antibodies were subsequently demonstrable in this mother's serum, and it is 
likely that small amounts of antibody had been produced during the pregnancy 
and were filtered out of the circulation by the fetal red cells. Antibodies were 
detectable in the maternal circulation for periods ranging from 2  to 6  weeks 
postpartum; they then disappeared. In several instances the does were mated 
repeatedly to the same male; it is of considerable interest that the appearance 
of  antibodies  was  not  accelerated  under  these  circumntances  nor  was  the 
titer significantly higher than it had been as a result of the initial pregnancy. 
This was true even after as many as six successive pregnancies in the same 
animal. 
Intrauterine  Transfer of AntiC,  and Anti-g Antibodies  from Mother  to Fetus 
Erythroblastosis  fetalis  in  human  beings  is  a  disease  that  begins  during 
intrauterine  life and is dependent upon the  transfer of specific isoantibodies A. KELLNER  AND  E. ]L HEDAL  53 
across the placenta from the maternal to the fetal circulation. The hemolytic 
anemia  that  has been  observed under  certain  conditions in newborn  horses, 
dogs, and pigs is, by contrast, a  disease process that does not begin until after 
birth, owing to the fact that in these species there is no intrauterine transfer 
of maternal antibodies to the fetus. The experiments now to be described dem- 
onstrate that antibodies to the C~g factors, whether present in high titer as a 
result  of previous  immunization  or  in  low  titer as  a  result  of pregnancy  or 
because  passively transferred,  readily  pass  from  the  maternal  to  the  fetal 
circulation during intrauterine life and can be found coating the red cells and 
in the serum of the fetus both while in utero and at birth. 
TABLE I 
The Devdopment  of Antibodies  to the G-g Factors as a Result of Pregnancy 
GG female X  gg male  gig female X  GG male 
Time after mating  Antibody in serum  Time after mating  Antibody inVserum 
of female*  of female* 
days 
6 
12 
20 
26 
.,Int/-s 
0 
0 
0 
++ 
~ys 
14 
25 
Time after birth of litter  Time s/ter birth of litter 
++ 
++ 
0 
days 
1 
3 
lO 
days 
2 
14 
21 
42 
60 
AntiC, 
0 
0 
0 
+ 
+++ 
+ 
0 
* Undiluted serum tested with known GG and gg rabbit red cells. 
Female rabbits homozygous for the G or g factors were first immunized by means of re- 
peated intravenous injections of blood obtained from gg or GG rabbits respectively, in the 
manner previously described (6); they were then mated with male rabbits that were either 
homozygous  or heterozygous for the red cell factor against which they had developed anti- 
bodies. In most cases once weekly injections of red cells were continued during the course of 
the pregnancy. Antibody titrations were performed at weekly intervals during pregnancy and 
the postpartum period. Blood was obtained by cardiac puncture from the newborn rabbits 
immediately  after birth; the red calls were typed, a direct Coombs test was done and, wherever 
possible,  antibody titrations were made with the serum.  Special precautions were taken to 
obtain blood from the newborn rabbits before they had nursed, because, as will be described 
further on, antibodies when present in the maternal circulation were usually present also in 
the colostrum and milk. A total of fifteen pregnancies in 6 different rabbits were studied in 
this manner. 
The  passage of maternal  G-g antibodies into  the  fetal circulation was ob- 
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of these  experiments are illustrated in  Table II.  In  every instance in  which 
the maternal serum contained either anti-G or anti-g antibodies and the fetal 
red cells contained  the  corresponding antigen,  the red  cells of the  babies at 
birth were found to be heavily coated with antibody as evidenced by a strongly 
TABLE II 
Transmission across  the Placenla of Maternal A nti-G and A nti-g A ntibodiesin Rabbits Previously 
Immunized by Repeated Injections of Red Cells 
Time 
Mating  after 
mating 
Antibody tlter of 
serum of female 
Agglutl-  Coating  nating 
days  Anti-g 
A. GG* x gg  3  64  512 
9  c~  11  64  1280 
17  640  1280 
26  800  3200 
B. gg~ x GG  0 
9  o  ~  8 
15 
22 
C.  gg* x  Gg  6 
9  o  ~  19  i 
27 
I 
Anti-g 
2O  640 
20  2180 
40  2560 
8  64 
Anti-g 
160  .5000 
200  5000 
100  2000 
t lood 
lype 
1.  Gg 
2.  Gg 
1. 
2. 
3. 
4. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
Litter 
Direct 
Coombs 
test 
++++ 
++++  -- 
I 
Gg  +++ 
Gg  +++  I 
Gg  +++  -- 
Gg  +++  -- 
gg  0 
gg  0 
gg  0 
gg  0  --  I 
gg  0 
Dead-born macerated fetus 
Dead-bom macerated fetus 
Antibody titer of 
scrunl 
Aggluti-  I  nating  Coating 
Anti-g 
32  64 
I 
Anti°G 
0  2 
0  2 
i 
Anti-G 
80  2.500 
80  i2soo 
* Immunized by injections of red cells bdore and during pregnancy. 
:~ Immunized by injections of red ceils before but not during pregnancy. 
0  =  negative. 
--  =  test not done. 
positive direct Coombs test. That this coating material was a  specific antibody 
was demonstrated by eluting it from the cells at 56°C. and using the eluate to 
coat known red cells. When the fetal red cells did not contain the antigen cor- 
responding to the mother's antibody (as, for example, GG babies born to a  GG 
female immunized to  the g  factor), the red cells of the newborn rabbits were 
regularly Coombs-negative. When both the agglutinating and coating varieties 
of antibody were present in the serum of the mother, both were usually demon- A. KELLNER  AND  E. F. HEDAL  55 
strable in the serum of the newborn rabbits  at birth.  The titer of these anti- 
bodies  was generally  lower in  the  babies  than  in  the  mother  in  those  cases 
where the babies' cells were Coombs-positive; in those cases, however, where 
the babies' cells were Coombs-negative, the titer of agglutinating and coating 
antibody in the baby was usually equal to that of the mother. This latter finding 
TABLE IiI 
Transmission across the Placenta of Malernal An~i-G and A nti-g Antibodies in Rabbits 
Immunized by Pregnancy 
Days  Days 
Mating  after  after 
mating  birth 
A.  GGxgg  6 
12 
9  o  ~  20 
26 
B. ggxGG  2 
9  o  ~  9 
16 
22 
29 
1 
2 
3 
10 
Antibody in serum 
of female* 
Aggluti-nating  Coating 
Anti-g 
o  o 
o  ,o 
o  o 
o  ++ 
o  ++ 
+  ++ 
o  ++ 
o  o 
Anti-G 
o  o 
o  o 
o  o 
o  o 
o  o 
o  -t- 
o  o 
Litter 
Direct  Antibody in serum* 
B ood  Coombs 
I vpe  test  Aggluti- Coating 
hating 
1.  Gg  +  0  0 
2.  Gg  +  0  0 
3.  Gg  +  --  -- 
4.  Gg  +  --  -- 
S.  Gg  0  --  -- 
6.  Gg  0  --  -- 
1.  Gg  +  0 
2.  Gg  -t-  0 
3.  Gg  +  -- 
4.  Og  0  -- 
5.  Gg  0  -- 
6.  Gg  0  -- 
7.  Gg  0  -- 
0 
0 
* Undiluted  serum tested with known GG 
0  ffi  negative. 
--  ffi test not done. 
and gg rabbit red cells. 
differs from that seen in Rh isolmmunization where the Rh-agglutinating anti- 
bodies, perhaps because of larger molecular size, do not cross the placenta with 
the  same facility as  do the P,h-blocking antibodies  (7).  It is of interest  too, 
that in female rabbits  immunized by injection of red cells prior to pregnancy 
but with injections discontinued during pregnancy the titer of G-g antibodies 
fell off sharply as pregnancy advanced, owing in all probability to the removal 
of antibodies from the circulation by the fetal red cells. 
Maternal antibodies to the G-g factors were also found to cross the placenta 
and  to coat the fetal  red  cells in  those instances  in which  the only stimubas 56  ERYTHROBLASTOSIS  I~ETALIS.  II 
to the production of antibodies was provided by pregnancy. The data set down 
in Table III show that a  GG doe mated to a  gg male and a gg doe mated to 
a GG male both developed serum antibodies in very low titer during pregnancy 
or shortly after birth,  and that the  red ceils  of  some  of the  babies  born of 
these  matings,  all of which were  type  Gg,  gave  a  positive  direct  Coombs 
test  at birth.  The  failure  to  detect  antibodies  in  the  serum  of  the  babies 
TABLE IV 
Transmission  across the  Placenta  of Passively  Transferred  Anti-g  Ant4bodies 
Mating 
A. GG x Gg 
9 
Days after 
mating 
Antibody fiter of 
serum of female 
Agginti.nafing [  Coating 
Anti-g 
7  0  0 
14  0  0 
20 Injection of Antibody* 
20, 
25 
30 
B.  GGxgg  11 
~  15 
8  512 
2  128 
0  128 
Anti-g 
o  o 
o  o 
I. 
2. 
18 Injection of antibody[[  3. 
18,  8  2000  4. 
5. 
~ood 
|  'pe 
2.~ 
3.  GG 
4.  GG 
5.  GG 
6.  GG 
Litter 
Gg§ 
Gg 
Gg 
Gg 
Og 
Direct 
Coombs 
test 
++ 
++ 
0 
0 
0 
0 
++ 
++ 
++ 
++ 
++ 
Antibody titer of 
serum 
Aggluti-  Coating  hating 
Antiog 
o  1 
o  o 
0  128 
2  128 
* 10 ml. of anti-g rabbit serum injected intravenously. Titer--agglutinating 300, coating 
10#00. 
, Serum of female tested 5 minutes after injection. 
§ Fetuses removed by Caesarian section 6 hours after injection of antibodies. 
11 15 ml. of anti-g rabbit serum injected intravenously.  Titer--agglutinating 160, coating 
10,000. 
and  the  absence of a  positive  direct  Coombs  test  in  some  babies  of  these 
litters  are probably explained by the small amount  of antibody produced by 
the mother. 
On two occasions female GG rabbits not previously immunized were given 
during pregnancy a single intravenous injection of 10 or 15 ml. of a high titered 
anti-g serum, and the titer of this passively acquired antibody was then meas- 
ured  in mother and  fetuses.  The first  experiment,  summarized in Table IV, 
shows that anti-g antibodies injected intravenously into a  female GG rabbit 
20 days after mating to a  Gg male survived in the maternal circulation and 
were also present at birth in the blood of the fetuses. Since this female had been A.  KELLNER AND E.  1~. R'I~.DAL  57 
mated to a  heterozygous (Gg) male, both GG and Gg fetuses were present. 
The Gg fetuses had positive direct Coombs tests and little or no anti-g antibody 
in their serum, while the GG fetuses had negative Coombs tests and consider- 
able amounts of circulating anti-g antibody. In fact, the titer of anti-g in the 
serum of the two newborn GG babies in which it was measured was almost 
exactly the same as that of the mother on the day of birth. Table IV also shows 
the results of another experiment in which a  GG female that had been mated 
to a  gg male was given on the 18th day of gestation a  single intravenous in- 
jection of 15 ml. of rabbit serum containing anti-g antibodies in high titer. 6 
hours later five fetuses were removed by Caesarian section; all had red cells of 
type Gg with positive direct Coombs tests. Because of the small size of the 
fetuses it was not possible to obtain serum for antibody titrations. 
TABLE V 
Antibody  Tilers  in Serum and Milk of Female Rabbits Immunized to the G and g Factors 
Rabbit No.  Blood type 
gg 
gg 
GG 
Antibody 
Anti-G 
Anti-G 
Serum 
Milk 
Serum 
Milk 
Serum 
Milk 
Antibody tlter 
Agglutinating 
Anti-g 
32 
8 
256 
2 
Coating 
64 
16 
2048 
2048 
512 
128 
Isoantibodies to tke G-g Factors in Milk 
It is well known that in many animal species maternal antibodies are present 
in the milk at the time of birth and during the first few days of the postpartum 
period, and that in the dog, cow, horse, and sheep significant quantities of a 
variety of different antibodies are transferred to the newborn during the 1st 
day of life v/a the mother's milk (8).  A  similar situation has been found to 
obtain in the rabbit with respect to the antibodies to the G-g factors. In every 
instance in which anti-G or anti-g antibodies were present  in the mother's 
serum, whether as a result of pregnancy or from the injection of red cells, the 
same antibody was also present, though in somewhat lower titer, in the milk; 
furthermore in most instances in which agglutinating and coating antbodies 
were present in the serum both could also be detected in the milk (see Table 
V). Moreover, on several occasions it was found that baby rabbits born with 
red cells that had a  negative direct Coombs test developed a  positive direct 
Coombs test when permitted to  suckle  during the  first  day of life from a 58  ERYTIIROBLASTOSIS  PETALIS. H 
mother  whose  milk  contained  appropriate  antibodies.  Whether  newborn 
rabbits could acquire antibodies from the milk after the first day of life was 
not determined. 
DISCUSSION 
It is clear from the studies here described that isoimmunization  to the G-g 
blood group factors of rabbits may occur as a result of pregnancy alone just 
as it does with respect  to the Rh-I-Ir factors in human beings. In view of the 
fact that the G-g factors have been found to be present only in red blood cells, 
it appears likely that the antigenic stimulus for this immunization is provided 
by the passage of fetal red cells across the placenta into the maternal circula- 
tion. The occurrence of minute breaks in the placenta that would permit the 
passage of erythrocytes has been postulated by Levine and others (9), though, 
with the possible exception of the morphological studies of Javert (10), there 
is no direct evidence bearing on this poinL The fact that in most instances 
antibodies were detected for the first time during the 1st or 2nd week post- 
partum suggests  that  immunization occurred  at the time of birth when the 
inevitable trauma attendant upon separation of the placenta afforded an op- 
portunity for fetal red cells to enter the maternal circulation.  On the other 
hand, the presence of coating antibodies on the red cells of newborn rabbits at 
birth indicates that iromunization  of the mother took place during the period 
of gestation. The very low antibody titers encountered in animals that de- 
veloped  antibodies during or ~mmediately after pregnancy, and particularly 
the low titers observed in those animals followed for as many as six consecutive 
pregnancies,  are of considerable interest for they indicate either that the G-g 
factors are only weakly antigenic in rabbits or that only small  amounts of 
antigen are transferred across the placenta to the mother during pregnancy. 
The fact that rabbits immunized by injection required repeated injections of 
relatively large quantities of erythrocytes before high titers of antibody were 
attained does not permit a choice between these alternatives for it may mean 
again that the G-g factors are poor antigens or that each red cell contains only 
minute amounts of the antigenic material. The observation that immuniza- 
tion to the G-g factors during pregnancy occurred in but five out of ten instances 
in which  opportunity for such  immunization existed  is not unlike a  s~mi|&r 
situation with regard to the Rh factor; for not every Rh-negative woman 
bearing an Rh-positive child develops antibodies to the Rh factor, as is well 
known. Indeed, it is estimated that immunization to the Rh factor occurs in 
only one out of twenty such pregnancies (11). The reasons for this phenomenon 
are not wholly clear at present. 
There are remarkable differences among animal species in the ability of anti- 
bodies and other proteins to cross the placenta from mother to fetus. Thus, it 
has been demonstrated that the placentas of sheep, goats, pigs, horses, cattle, A. KELLNER  AND  E. ]~. HEDAL  59 
and dogs are impermeable to the passage of antibodies, whereas those of human 
beings, rabbits, and guinea pigs are readily permeable (8, 12). It has been sug- 
gested by Kuttner and Rather (13) that the nature of the anatomical barrier, 
particularly  the number of layers of tissue that  are interposed between the 
maternal and fetal circulations, plays an important part in this process. Such 
anatomical differences have in fact been demonstrated by the detailed morpho- 
logical  studies of Grosser  (14),  who found that  the maternal  circulation  of 
man,  primates,  and  certain  rodents is  separated  from  that  of the fetus by 
three layers of tissue while the two circulations in ruminants  and carnivores 
are separated by four to six layers of tissue. Mossman similarly has shown 
that in rabbits and certain other rodents the maternal  and fetal circulations 
are often separated by only a single layer of endothelium (15). Opposed to this 
anatomical  explanation  for the differences  in placental permeability are the 
studies of Brambell and his associates (16), which indicate that the passage of 
antibodies from mother to fetus in the rabbit takes place through the uterine 
lumen and into the vitelline circulation rather than across the placenta. Apart 
from the fact that it would be difficult to explain  the immunization of does to 
the G-g factors during pregnancy by this route, no evidence bearing  on this 
controversy was obtained during the current studies on experimental erythro- 
blastosis  fetalis.  In  addition  to  possible  structural  differences,  the physico- 
chemical properties of the antibody particles  themselves,  such as molecular 
size, electrical charge,  and perhaps others, may also play a role in determining 
placental permeability. The studies of Cohen are pertinent in this connection 
(17). He injected rabbit, human,  and bovine serum gamma  globulin  intrave- 
nously into pregnant rabbits and found that while the placenta was permeable 
to all three types of protein, the homologous protein was detected in the fetal 
circulation  much  more  quickly and  in  higher  concentration  than  were  the 
heterologous proteins. It would appear from these observations that proteins 
differ in their ability to cross the placenta even in a single species, and further, 
since the proteins employed by Cohen were of comparable molecular weight, 
that factors other than molecular size are involved in placental permeability. 
The finding that isoantibodies to the rabbit blood group factors G and g, 
whether produced as a  result of pregnancy or by the injection of specific red 
cells~ cross the placenta and are present in utero in the fetal circulation and 
attached to the fetal red cells provides a striking experimental counterpart of 
the immunological  situation  that  exists in  erythroblastosis fetalis in human 
beings. Moreover, this intrauterine transfer of specific antibodies from mother 
to fetus in the rabbit is capable of producing serious disease states in the fetus, 
a  phenomenon already briefly reported  1 that  will be described in detail in a 
forthcoming publication. 
x For preliminary note~ see Am. J. Palk., 1952, 28,  539. 60  ER~TJ~ROBLASTOSIS FETALIS. II 
SUMMARY 
Female  rabbits  became immunized  during  pregnancy  to  the  rabbit  blood 
group factors G or g in five out of ten instances in which the red cells of the 
fetuses carried one of the factors absent in the mother. Antibodies so produced 
were of low titer and disappeared in all cases within 6 weeks after the birth of 
the litter.  Repeated pregnancies  did not result  in additive increases in titer. 
Antibodies  to  the  G-g  factors,  whether  produced  by the  injection  of red 
cells or by pregnancy,  crossed the placenta readily from mother to fetus and 
were found at birth  (and prior to nursing) associated with the red cells and in 
the serum of the fetuses. The rabbit placenta appeared to be equally permeable 
to the agglutinating  and coating antibodies. 
The implications of these findings and their relation to the pathogenesis of 
erythroblastosis fetalis are briefly touched upon. 
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